The mechanism of diagonal tensile failure of RC beams without shear reinforcement, which is difficult to solve by means of experimental and analytical study, is investigated. The close relationship between the fracture modes and the transfer stress at shear cracks is clarified, and the experimental results are verified by the finite element method taking into consideration the influence of a splitting tensile crack and dowel action. In RC members without shear reinforcement, the width of a shear crack increases owing to the occurrence of a splitting tensile crack along the main bars. As a result, the transfer stress of a shear crack cannot be generated and the shear crack grows and propagates rapidly. This paper also puts forth that FE analysis, in which not only shear crack but also splitting tensile crack are modeled discretely, can predict the size effect on diagonal tensile failure strength of RC beams without shear reinforcement.
Introduction
Shear failure, which is a typical failure mode of reinforced concrete (RC) members, must be prevented so as to ensure structure safety for users and third parties. It is desirable therefore to develop a rational shear design method. However, failure mode and capacity prediction remains difficult due to the existence of several failure modes and the high complexity of the failure processes involved and their mechanisms.
Shear failure can be classified into two modes, diagonal tensile failure and shear compression failure. Many researchers have already reported that shear compression failure can be simulated by FE analysis with two-dimensional constitutive models (Tadokoro et al. 2002; Yamaya et al. 1995; Kaneko et al. 2001; Asin et al. 1995) . It is extremely difficult, however, to simulate diagonal tensile failure, which is a brittle failure, by FE analysis. In this case, the characteristics of deformation and shear stresses generated at shear cracks must be accurately identified. However reports with adequate information to clarify such characteristics are not available.
According to previous studies, the diagonal tensile failure process and its strength can be simulated by FE analysis, adopting the rotational crack model (Yamaya et al. 1995) and shear stress softening model (An et al. 1998) . However, modeling of phenomena such as the rotation of shear cracks and the softening of shear stress is not assumed based on actual facts observed in experiments.
Firstly, this study clarifies the shear transfer mechanism through experiment using RC beams in which the presence/absence of shear reinforcement, and ratio of shear span to effective depth ratio are selected as parameters. The observed shear deformation and shear transfer mechanism are compared and examined with numerical results predicted by FE analysis with a discrete crack model. Finally, the diagonal failure mechanism of RC beams without shear reinforcement is described. Size effect simulation of diagonal tensile failure is also carried out.
Deformational characteristics at shear crack

Preliminary remarks
Clarification of deformational and shear stress transfer characteristics at a shear crack is crucially important for the simulation of diagonal tensile failure by FE analysis. It is considered that splitting tensile cracks have a considerable influence on the mechanical behavior of RC members (Noguchi et al. 1982; Sanada et al. 1995; Kim et al. 1999) . Splitting tensile cracks can develop due to both the dowel force acting vertically on main bars and the tensile force. In this chapter, shear and opening deformations at shear and splitting tensile cracks in beams are measured and shear transfer stresses are examined.
Outline of experiment
Three RC beams of rectangular cross section were tested in order to closely observe deformation of shear and splitting tensile cracks under static loading. Details of the specimens are listed in Table 1 and the reinforcement arrangements are shown in Fig.1 . The mix proportions of the concrete are listed in Table 2 . Specimen S1 is an RC beam with shear reinforcement, while specimens T1 and T2 do not contain any shear reinforcement. The sole difference between specimens T1 and T2 is the shear span to effective depth ratio (a/d).
The cross-section dimensions and tensile reinforcement ratio are identical for all three specimens.
A load was applied at the center of a span on contact with a steel plate of 100-mm width. Steel balls for measurement by contact micron strain gauge were attached on the tested shear span to measure deformation at the cracks (see Fig. 2 ). In the study, loading was periodically stopped for several minutes at a given load level to measure elongation between contact points. As a result, relaxation behavior can be seen in the curves shown in Fig. 4 because loading was stopped at a given load level.
Crack opening and shearing displacements of shear cracks were calculated in the following manner. Elongation between two steel balls can be calculated as follows (see Fig. 3 ):
Shear transfer stresses are calculated using w and δ given by Eq. (2) as described later. Shear transfer stresses along a crack intersecting with a triangular area demarcated by three balls represents average stress in the crack length.
Failure process
(1) Specimen S1 with shear reinforcement The applied shear force -deformation curve and cracking pattern of specimen S1 are shown in Fig. 4(a) and Fig. 2(a) , respectively. A shear crack occurred at a shear force of approximately 80kN and propagated towards the loading point. Finally the beam failed in shear compression after some cracks around the loading point were observed. It can be clearly seen in intersects the shear reinforcement and propagates toward supporting points along the main reinforcements. The crack named splitting tensile crack was developed at the same load level as the shear cracking load. The shear cracking load was the same as that calculated by Niwa's equation (Niwa et al. 1987) below. 
where ' c f is the concrete compressive strength in MPa, t ρ is the main reinforcement ratio, d, a, and b are the effective depth, shear span, and beam width in mm, respectively.
(2) Specimen T1 without shear reinforcement The applied shear force -deformation curve and cracking pattern of specimen T1 are shown in Fig. 4(b) and Fig. 2(b) , respectively. The applied shear forcedeformation curve before shear cracking is identical to that of specimen S1, which has the same dimensions, while after shear cracking, the stiffness rapidly decreases because specimen T1 does not have any shear reinforcement. The applied force could be increased after shear cracking since the failure mode was a kind of mixed mode with both shear compression failure and diagonal tension failure characteristics, rather than a pure diagonal tension failure mode.
(3) Specimen T2 without shear reinforcement The applied shear force -deformation curve and cracking pattern of specimen T2 are shown in Fig. 4(c) and Fig. 2(c) , respectively. Shear cracking occurred at a shear force of approximately 100kN and propagated slowly up to the vicinity of the loading point while the applied shear force was increased up to 190 kN. The beam could still sustain the load for a while and failed at 203kN just after crushing of the concrete around the loading point was observed. Shear cracks with an angle of 45 degrees could be observed but splitting tensile cracks were not detected.
2.4
Deformation and shear transfer mechanism at shear crack (1) Specimen S1 with shear reinforcement The crack opening and shear displacements at the cracks in zones A, C and G marked in Fig. 2(a) , are shown in study, stresses developed at shear cracks are calculated by the contact density model proposed by Li and Maekawa (1988) . The shear transfer model is as follows; 
where ' c f is the concrete compressive strength in MPa, and w and δ are the crack opening and shear displacements in mm, respectively. According to this model, stresses at a crack are governed by the ratio of shear displacement to crack opening displacement. In this sense, shear softening behavior can be readily observed when the value of the ratio of opening to shear displacement with increases in both shear and crack opening displacements rises.
Figure 6(a) shows the calculated shear and compressive stresses at the shear crack in zone C. On the other hand, Fig. 6(b) shows the shear force carried by aggregate interlocking at the shear crack. The shear force is a vertical component of total force that is given by the summation of shear transfer force along a crack intersecting with each triangular zone. One can establish from these figures that higher shear and compressive stresses develop and that shear force carried by aggregate interlocking play a very important role for the shear resisting behavior of RC beams with shear reinforcement. G marked in Fig. 2 (b) are shown in Fig. 7 . Only the crack opening displacement starts to increase at a shear cracking load of approximately 80kN and linearly increase as the applied shear force increases, but shear displacement does not (see Figs. 7(a) and 7(b) ). On the other hand, the crack opening and shear displacements of the splitting tensile crack rapidly increase just after the shear crack occurs (see Fig. 7(c) ).
Figure 8(a) shows the calculated shear and compressive stresses at the shear crack. On the other hand, Fig.  8(b) shows the shear force carried by aggregate interlocking at the shear crack. The shear transfer stress is only one tenth or less of that estimated in specimen S1 with shear reinforcement. The same tendency was observed at all measured zones with splitting tensile cracks. Therefore, the shear force carried by aggregate interlocking is negligibly small. It can be concluded that a slender beam without shear reinforcement would fail immediately after the occurrence of a shear crack because shear resisting force by aggregate interlocking cannot be developed.
(3) Specimen T2 without shear reinforcement The crack opening and shear displacements at the shear cracks in zones B, C, and D marked in Fig. 2(c) are shown in Fig. 9 . Opening and shear displacements start to increase at a shear cracking force of approximately 100kN and linearly increase as the applied shear force increases. The opening displacement is much larger than the shear displacement. interlocking are less than those in specimen S1 with shear reinforcement but significantly greater than those in specimen T1, whose a/d ratio is larger than that of T2. Those results indicate that, in the case of a deep beam without shear reinforcement, shear force carried by aggregate interlocking can be expected and may contribute to the formation of an arch action mechanism.
Numerical simulation by smeared crack model 3.1 Outline of analysis
In this study, a two-dimensional nonlinear finite element program, WCOMR (Okamura et al. 1990 ), was used. In this analysis, 8 node iso-parametric elements with 9 gauss points were adopted for the representation of plain and reinforced concrete elements. The nonlinear iterative procedure was controlled by the modified Newton-Raphson method. In this procedure, convergence is judged by the ratio of Σ(Residual force) 2 to Σ(Internal force) 2 and the iteration procedure is repeated until the ratio becomes less than 10 -6 . The elasto-plastic fracture model developed by Maekawa (1983) is used for the concrete model before cracking. In this model, stresses and strains in a plain stress condition are represented by an equivalent stress and equivalent strain, respectively. Aoyanagi and Yamada's model (Okamura et al. 1990 ), Niwa's model (Okamura et al. 1990 ), and a model based on previous experiment (Kupfer et al. 1969 ) are used as cracking criteria for the tension-tension domains (④ in Fig. 11) , for the tension-compression domains (② and ③ in Fig.  11) , and for the compression-compression domains (① in Fig. 11) , respectively. The tension softening model proposed by Reinhardt (1986) is adopted for concrete after cracking (see Fig.  12 ).
( ) ( ) 
where c1 and c2 are 3.0 and 6.93, respectively, f t is the concrete tensile strength in MPa, and 0 δ is the critical crack opening (crack width at zero stress). The critical crack opening is determined by Eq. (6), which represents the relationship between the fracture energy and the crack width, proposed by Hordijk (1991). 
where f t is the concrete tensile strength in MPa and G f is the fracture energy in N/mm. The fracture energy for compression is determined by JSCE code equation (JSCE 2002) . 
where f t is the concrete tensile strength in MPa, tu ε is the strain as softening starts, c σ is the average stress in MPa, and c ε is the average strain. In this analysis, the fixed crack model is adopted and shear transfer stresses are calculated using Li and Maekawa's model shown in Eq. (2).
After cracking, the concrete linear softening model ( Fig. 13(a) ) for the direction parallel to the crack is introduced to consider the effect of cracking on compression-softening. In this model, compressive stress is reduced to zero at limited strain u ε . The gradient of strain softening is defined by compressive fracture energy consumed in compressive stress parallel to the crack in the tension-compression area. In other words, the softening curve is defined in such a way that the area surrounded by the envelope curve of the stress-strain relation is equal to the fracture energy as in tension softening. However the reduced stress has a limit that is 10% of the compressive strength. When compressive stress at cracking is greater than 80% of the compressive strength, compression-softening immediately starts. When it is less than 80% of the compressive strength, namely in stress states dominated by tensile stress, however, it is assumed that compressive stress increases up to 80% of the compressive strength and softening starts. This is because concrete parallel to compressive stress suffers less damage. Besides the compression-softening property, it is assumed that elements that fail in compression lose shear transferability to a considerable extent. Therefore, the shear transfer stiffness is reduced to 10% of the stiffness in the original concrete. Similarly, normal stress transferred by aggregate interlocking is reduced like shear transfer stress. Therefore, there is no effect of aggregate interlocking in elements that fail in compression.
When deep beams failing in shear compression were analyzed, it was found necessary to develop a model of compression softening in the biaxial compression area . In RC members that fail in shear compression, the diagonal cracks propagated towards the loading point, and then the concrete near the loading point under biaxial compressive stress states are gradually damaged. A model of compression-softening in biaxial compressive stress states is necessary to consider this damage due to cracking and improve the accuracy of prediction of the failure mode in the ultimate state, the failure zone, ultimate deflection, and strength for RC members that fail in shear compression. According to Kupfer's experimental investigation on concrete plates subjected to biaxial compression (Kupfer et al. 1969 ), a crack occurred in the direction parallel to the free surface (see the left figure in Fig. 13(b) ). In the biaxial compression area, therefore, it is considered that the energy is consumed by crushing of concrete (or compression-softening) in both directions of compressive stress after cracking. On the other hand, in the tension-compression area, the energy was consumed by crushing only in the direction parallel to the crack (see the left figure in Fig. 13(a) ). It is assumed that the sum of the fracture energy consumed by concrete crushing in both directions under a biaxial compressive stress state is equal to the energy consumed by crushing in one direction under tensile and compressive stress states. Thus the following equation is derived for the biaxial compressive stress state (see Fig. 13(b) ):
where fc G is the compression fracture energy in the tension-compression stress state in N/mm, 1 fc G and 2 fc G are the compression fracture energy in the compression-compression stress state in N/mm, and 1,crack σ and 2,crack σ are stresses when softening starts in MPa. In this study, the compression fracture energy used is set to 50N/mm based on the study of Nakamura et al. (1999) .
Overview of numerical results
FE analyses of specimens T1 and T2 were carried out.
As is well known, the shear retention factor, β , for reduction of cracked concrete shear stiffness would be used to avoid stress locking and this factor greatly affects computational results (Rots et al. 1985) . In the analysis of specimen T1, whose failure mode was diagonal tensile failure, therefore, a parametric study on sensibility of the shear stiffness was carried out by conducting three computations with 0.25 β = , 0.5, and 1.0 (see Table 3 ).
The finite element meshes and cracking pattern computed using FE analysis are shown in Figs.14 and 15 , respectively. The applied shear force and deformation curves are shown in Fig. 16 . As shown in Fig. 16(a) , FE analysis can predict deformational behavior and its capacity of shear compression failure type because the compression softening model for compression-compression stress state was adopted in the program. However, FE analysis cannot simulate the capacity of diagonal tension failure as shown in Fig. 16(b) . Besides, numerical results are greatly influenced by shear transferring stiffness.
Deformational characteristics at shear crack
The total shear displacement or the total crack opening displacement in a concrete element can be represented by shear and tensile strains, respectively, as shown in Fig. 17 (Okamura et al. 1990) . That is, the ratio of shear strain to tensile strain can be represented by the ratio of shear displacement to crack opening displacement. Figure 18 shows the relationships between crack opening and shear displacements observed in the experiment and the relationships between tensile and shear strains computed by FE analysis. 'H' in the figure represents the distance in height from the bottom fiber of a beam. No shear displacement is found in this experiment. However, larger tensile strain is found in the analysis and as a result shear transfer stresses much greater than those observed in the experiment are generated, as shown in Fig. 19. 
Numerical simulation by discrete crack model
Influence of splitting tensile crack
(1) Outline of analysis Rational cracking criteria for splitting tensile cracks have not yet been developed because of the large number of influencing factors, such as diameter and number of bars, thickness of concrete cover, concrete strength, and so on. Dowel force acting on main reinforcements generates tensile stresses in concrete, which in turn cause splitting tensile cracks. When splitting tensile cracks are represented by a discrete crack model using spring elements, tensile stress and deformation relationship must be established in the elements as for the concrete model. As a simple way for considering the influence of tensile stress in main bars upon the occurrence of splitting tensile cracks, reduction of concrete strength in elements containing main bars may be allowed. In this case, the influence of cross direction non-uniform deformation caused by dowel action must also be taken into account.
In this study, the influence of splitting tensile cracks is investigated by using discrete crack elements in which the simplified tensile stress -displacement model (cut-off model) shown in Fig. 20 is adopted. In the model, the ascending part is modeled by a linear curve whose stiffness is high enough to avoid the occurrence of localized deformation in concrete generated by dowel force before cracking. Each discrete crack that represents a splitting tensile crack is modeled by a spring element with two springs, i.e. vertical and shearing springs, at each node. As a rule, the simplified model shown in Fig. 20 is adopted for the vertical spring, while an elastic model with high stiffness is used for the shearing spring. After a splitting tensile crack occurs, the shear stresses on the splitting tensile crack are evaluated using Li and Maekawa's model shown in Eq. (4).
The objective of investigation with the simplified model is to clarify the influences of horizontal splitting cracks on the shear strength of a beam. The applicability of the simplified model is discussed through parametric analysis in the next section.
Specimen T1 that failed in diagonal tension was used for investigation of the influence of splitting tensile cracks. Li and Maekawa's model was used in discrete crack link elements that represent diagonal tensile cracks. Isoparametric 8-node elements with 9 gauss points were used for concrete and main bars.
Two analytical meshes were prepared: model A having only shear cracks and model B having both shear and splitting tensile cracks, as shown in Fig. 21 . The thick lines in Fig. 21 represent discrete crack link elements. Splitting tensile cracks are located along the main bar. Reinforcement elements were attached to the concrete elements by spring elements in which the following bond model (Shima et al. 1987 ) was installed except 5D (D: diameter of bar) from the point intersected by the shear crack that represents a bond deterioration zone. (2) Analytical results Figure 22 shows the relationship between applied shear force and deformation observed in analysis. The black circles represent the numerical result of model 1, in which splitting tensile cracks are not considered, while the white circles represent the result in which splitting tensile cracks are modeled.
Flexural cracks occurred at deformation of 0.6 mm. Then shear and splitting tensile cracks occurred at deformation of 1.3 mm. Stiffness was significantly reduced and shear force could not be increased any more when splitting tensile cracks propagated toward supporting points. In the case of model 2, the same result can be observed until shear cracking load, but after shear cracking the response completely changed, i.e., the applied shear force could be stably increased because an arch mechanism could be created in the case of model 1 without splitting tensile cracks. This result indicates that splitting tensile cracks must be considered so as to simulate diagonal tensile failure using a discrete crack model. Figure 23 shows the deformation and cracking patterns of analyzed beams. The deformation is magnified 80 times. Displacement at shear cracking load of two cases is the same. However, the crack width and crack tip location in model B is much wider and higher than in model A caused by the propagation of splitting tensile crack (see Fig. 23 at displacement of 2.6 mm). Figure 24 shows the relationships between crack width and shear displacement observed in the experiment and analysis for the cracks in zones A and B of specimen T1 shown in Fig. 2(b) . The analytical results for H = 15.0 cm and H = 12.5 cm in Fig. 23 correspond to the experimental results for zone A and zone B, respectively.
The tendency for the crack width to grow under small shear displacement can be found in both the experiment and analytical results. It is concluded that FE analysis, in which not only shear cracks but also splitting tensile cracks are modeled discretely, can satisfactorily predict actual deformational characteristics for shear cracks. As shown in Fig. 25 , which represents stresses at a shear crack observed in the FE analysis, the shear transfer stress is very small and shear stress softening behavior cannot be seen at all. 
Influence of modeling of splitting tensile crack
To evaluate the influence of the type of model on splitting tensile cracks, the five models shown in Fig. 26 were prepared for this study. In model 1, the splitting tensile crack strength and critical displacement are assumed to be uniaxial tensile strength of concrete and 160µm, respectively, where the critical displacement is defined based on Eq. (4). Splitting tensile crack strength might be smaller than uniaxial tensile strength of concrete since not only dowel force but also tension force is applied. Therefore, in model 2, approximately half of the concrete tensile strength is assumed to be splitting tensile crack strength. On the other hand, models 3 and 4 have the same cracking strength as models 1 and 2, respectively, but those models do not contain a stress-softening portion (cut-off type). In the model 5, cracking strength is set to half of concrete tensile strength and this model has a nonlinear softening portion whose curve is determined by Reinhardt's model. Stiffness in those models are given by Eq. (9) as well. The applied shear force -displacement curves predicted by FE analysis with those models are shown in greater stiffness and capacity. FE analysis with model 5 gives the results that most closely match the experimental results. Development of a precise model remains an issue in this study.
Size effect analysis
Size effect analysis is carried out here. Specimen T1 is used as the reference beam for parametric analysis. Virtual beams with heights of 100, 200, 400, 800, and 1600 mm were prepared. The size of the mesh and bar diameter were similarly transformed and the location and angle of shear and splitting horizontal cracks were assumed based on the results obtained from specimen T1. Model 5 in Fig. 26 was used as the splitting tensile cracking model in the analysis. The computed shear strengths are shown in Fig. 28 along with the curve calculated by Eq. (4), in which the size effect is proportional to d -1/4 . The analysis can satisfactorily simulate the size effect on shear strength although the predicted strengths are slightly greater than those yielded by Eq. (4). One possible reason for this may be the influences of the shear crack location and angle. To predict shear strength more precisely, the shear crack location angle that produce minimum shear strength must be used.
Conclusions
The following conclusions can be drawn based on the findings of this study.
(1) When an RC beam fails in shear compression, greater shear transfer stresses at a crack can be generated because crack opening displacement (Mode I) and shear displacement (Mode II) take place simultaneously. (2) When an RC beam fails in diagonal tension, shear transfer stresses are negligibly small because only crack opening displacement increases with no increase in shear displacement. (3) FE analysis using the smeared crack model cannot simulate the actual deformational behavior at shear cracks because such analysis cannot consider local deformation and fracture due to dowel action. More concretely, FE analysis overestimates shear transfer stiffness and, as a result, cannot accurately predict the shear capacity because Mode I and II deformations simultaneously occur in the analysis, unlike the actual phenomena. (4) The presence/absence of splitting tensile cracks was found to greatly affect the mechanical behavior of RC beams without shear reinforcement. (5) FE analysis in which shear cracks, splitting tensile cracks, and main bars are modeled discretely can predict the diagonal tensile failure strength and the size effect on shear strength. However, modeling of dowel action, which can be considered to influence the number of main bars, bar diameter and spacing, and concrete cover thickness, remains an important issue that will have to be addressed in the future.
